Sweet potato flowers were collected for a transcriptome analysis to identify the putative floral-specific and flowering regulatory-related genes by using the RNAsequencing technique. Pair-end short reads were de novo assembled by an integrated strategy, and then the floral transcriptome was carefully compared with several published vegetative transcriptomes. A total of 2595 putative floral-specific and 2928 putative vegetativespecific transcripts were detected. We also identified a large number of transcripts similar to the key genes in the flowering regulation network of Arabidopsis thaliana. ] is one of the seven most important crops in the word for annual hectareage and total production. It is widely grown around the world due to its strong adaptability, easy management, rich nutrient content and multiple usage.
The annual tuberous root production of this crop is more than 105 million metric tons, 95% of which is produced in developing countries. Sweet potato is a hexaploid and generally performs asexual reproduction;
2) the process of sexual reproduction, especially the flowering regulation, is therefore less studied.
Sweet potato is a thermophilic, short day root crop. Most sweet potato cultivars can bloom under natural growth conditions in tropical and subtropical areas, although, in the temperate zone, i.e., north of 23 degrees North latitude, sweet potato does not generally bloom because of the short growing season. However, it can bloom in the temperate zone when exposed to biotic or abiotic stress, including the stress generated by grafting to a closely allied species, being subjected short days or to a growth regulator, drought or salt stress. Ipomoea carnea has been found as the best stock for grafting 3) and an 8 h light/16 h dark day, and GA3/GA7 are good choices for short-day and growth regulator treatments, respectively. 4) However, all of these treatments more or less change the normal living conditions for sweet potato, and the flowering induction efficiency is usually extremely low.
Why do these artificial treatments induce sweet potato blooming, and what kinds of genes are involved in this process? 5) To get some putative floral-specific genes and flowering regulatory genes that would provide guidance for studies on flowering regulation and further provide assistance for hybrid breeding, we induced sweet potato flowering by drought stress, and collected flowers for a transcriptomic analysis by the next-generation sequencing (NGS) technique. We compared two published vegetative transcriptomes 6, 7) and the digital gene expression (DGE) profiles of seven vegetative tissues 6) and identified 2595 putative floral-specific expressed transcripts (F-SETs). We also mined such flowering regulator encoding genes as LEAFY (LFY), AGAMOUS (AG), TERMINAL FLOWER (TFL), FLOWERING LOCUS C (FLC), CONSTANS (CO), APETALA1 (AP1), APETALA2 (AP2), APETALA3 (AP3), DELLA, and SLEEPY1 (SLY1).
Materials and Methods
Plant materials and total RNA preparation. Stem cuts of sweet potato [I. batatas L. (Lam.) cv. Xushu 18] were planted in May 2010 and grown under natural conditions during the first 20 d and then under drought stress during the next 20 d in Chengdu, Sichuan Province of China. After successfully inducing flowering, the whole opened flowers, including petals, stigmas, styles, anthers, filaments, ovules and ovaries, were collected and immediately snap-frozen in nitrogen until needed for further processing. Total RNAs were extracted by using the Trizol Ò reagent (Invitrogen, USA) according to the manufacturer's instructions. Genomic DNA was removed by DNase I (Fermentas, USA). The RNA's concentration, purity and integrity number (RIN) were assessed by SMA3000 and/or an Agilent 2100 bioanalyzer.
RNA sequencing by NGS. Qualified total RNA was submitted to Beijing Genomics Institute (BGI)-Shenzhen, Shenzhen, China (http: //www.genomics.cn). A fragmented cDNA library was constructed by using an RNA-Seq 8-Sample Prep kit (Illumina, USA) according to the manufacturer's instructions, before the library was sequenced on the Illumina HiSeq 2000 platform. Raw sequence data were generated by the Illumina pipeline and are available in the NCBI Short Read Archive (SRA) database (http://www.ncbi.nlm.nih.gov/Traces/sra/ sra.cgi?) under accession number SRA043584.
De novo assembly and evaluation. Raw paired-end (PE) reads were assessed by NGS: QC and manipulation tools on the Galaxy website (http://main.g2.bx.psu.edu/). 8, 9) Sequence assembly was run on a 64-bit Linux computer system (Ubuntu 10.10), using Edena v2.1.1, 10) SOAPdenovo v1. 3, 11) Oases v0.1.20 12, 13) and CAP3 14) under various parametric choices by an integrated strategy. 6) Statistical data for each assembly were generated according to the assembled contigs by common perl scripts. The five best assemblies were chosen for each assembler, including assemblies produced by parametric choices of m57, m59, m61, m63 and m65 for Edena, K35, K37, K39, K41 and K43 for SOAPdenovo, and K27, K29, K31, K33 and K35 for Oases. All of these 15 assemblies were pooled together with the published vegetative transcriptome of Xushu 18 and then reassembled by CAP3 through three steps under the parametric choices described in our previous study. 6) Statistical data for the final assembly were generated by common perl scripts. Open reading frames (ORFs) of each transcript were scanned by the EMBOSS package 15) and then submitted to calculate the proportion of long ORF-containing transcripts to the corresponding length transcripts. For example, if these are 10,000 transcripts 900 bp, with 6,000 of them possessing ORF 900 bp, this proportion is 60%.
Expression profiling. We investigated the expression level of each transcript in different samples by using the PE reads of two previously published transcriptomes and the PE reads of the floral transcriptome for a mapping analyses by using Bowtie, 16) allowing no more than two nucleotide mismatch. The reads per kilobase per million mapped reads (RPKM) 17) was calculated and used for quantifying each transcript. All 21 bp DGE tags were extracted, filtered by custom perl scripts and transformed into clean tags as previously described. 18) These clean tags were also used to map all transcripts allowing no more than one nucleotide mismatch, then the number of transcripts per million clean tags (TPM) 19) was calculated for each transcript.
Functional annotation. A sequence similarity search was conducted by Blast2GO v2. 4, 20) using BLASTX against the NCBI's nonredundant (NR) protein database with an e-value 1e-3, and the enzyme codes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways 21) were retrieved from the KEGG web server (http: //www.genome.jp/kegg/). The Gene Ontology (GO) 22) results were visualized by using the WEGO tools.
23)

Results
De novo assembly and quality assessment The RNA-Seq reads were assembled by the integrated strategy described in a previous study. 6) We constructed a comprehensive transcriptome for sweet potato containing transcripts expressed in the leaves, stems, roots and flowers. There were 70,412 contigs with length 200 bp (Table 1) , and 47,676 contigs with length 300 bp ( Table 2) . We predicted ORF from each contig to assess the quality of this transcriptome. Compared with the previous vegetative transcriptome for sweet potato cv. Xushu 18, we obtained more long transcripts (Table 1 ) and more long ORF-containing transcripts (Table 2 ) by integrating the vegetative and floral transcriptomes in the assembly step. For example, there were 23,505 contigs with length 600 bp, 61.3% of them containing ORF 600 bp. This ORF-containing rate for contigs with length 900 bp is 56.0%, and 50.2% for contigs with length 1200 bp. All of these sequences have been deposited in NCBI SRA databases under the PRJNA187421accession number.
Functional annotation and expression analyses
Functional annotation of contigs was conducted by using Blast2GO v2. 4. 20) Based on a BLASTX search against the NR database, 45,698 of the 70,412 contigs (64.90%) had BLASTX hits (Table S1 ; see Biosci. Biotechnol. Biochem. Web site). Annotation information could be obtained for 91.48% of contigs 500 bp, this value increasing to 98.77% for contigs 1,000 bp (Fig. 1) .
The expression level for each contig was calculated according to the mapping results of the PE reads. We standardized the expression level by the RPKM 17) algorithm for each contig to eliminate the bias introduced by RNA composition, sequencing depth and transcript length. Of the 45,698 annotated transcripts, the transcripts encoding the following functional critical proteins were highly expressed in the flowers: the tonoplast intrinsic protein ( (Table S1 ).
Putative floral-and vegetative-specific transcripts Specifically expressed transcripts usually play a vital role in organ identity or maintaining a specific function. All of the previously published NGS data of sweet potato were employed for a specific expression analysis to identify some putative floral-and vegetative-specific transcripts in this study (Fig. 2) . Those transcripts whose mapped PE reads and DGE tags numbers were zero in the vegetative organs but not in the flowers were defined as putative floral-specific expressed transcripts (FSETs), while the opposite types were defined as putative vegetative-specific expressed transcripts (V-SETs). We identified 2595 F-SETs and 2928 V-SETs. Among these, we obtained annotation information for 1345 F-SETs and 1429 V-SETs (Table S2 ). The average lengths of the annotated F-SETs and V-SETs were 382 bp and 336 bp, while the average respective lengths of the 1250 no-hit F-SETs and 1499 no-hit V-SETs were 271 bp and 283 bp. ORF scanning indicated that only 35 no-hit FSETs and 13 no-hit V-SETs had long ORFs (300 bp). Similar to the results described in our previous study, 6) most of the F-SETs showed the highest homology to the protein sequences from Vitis vinifera (237 F-SETs, corresponding to 17.6% of the 1345 annotated F-SETs), Ricinus communis (131, 9.7%) and Populus trichocarpa (121, 9.0%). Similar results were also apparent for the functional annotation of the V-SETs (respectively 35.8%, 14.1% and 14.6% of the 1429 annotated VSETs for Vitis vinifera, Ricinus communis and Populus trichocarpa). Further investigations based on the KEGG annotation were made to analyze the metabolic pathways involving the F-SETs. The result demonstrated that 418 F-SETs were annotated as 127 enzymes distributed in 91 pathways. Interestingly, there were 5 F-SETs, all possessing transferase activity, that were annotated as enzymes involving the cutin, suberine and wax biosynthesis pathway, while no transcripts of the vegetative transcriptome were involved in this pathway.
6) Significant flower-enriched pathways were identified by applying the hypergeometric test, 24) the results showing that the F-SETs were enriched in the cutin, suberine and wax biosynthesis, nitrogen metabolism, pentose and glucuronate interconversion, oxidative phosphorylation and some other pathways, while the V-SETs were enriched in the purine metabolism, retinol metabolism, and steroid hormone biosynthesis pathways (Table 3) .
GO mapping was performed by using Blast2GO v2. 4. 20) Of the 1345 annotated F-SETs, the primary metabolic (502 F-SETs), cellular metabolic (395 FSETs), and biosynthetic (273 F-SETs) were the most representative biological processes, while the cell part The Illumina short-reads were assembled by using an integrated strategy.
6) 34 contig sets obtained from vegetative and/or floral transcriptome were pooled together and reassembled by CAP3. 14) To identify the putative specific expressed transcripts (SETs), all of the reads from the floral and vegetative transcriptome of Xushu 18 6) and the root transcriptome of Guangshu 87 7) were used for a mapping analysis by the method of Bowtie. 16) SETs identified by mapping the reads were further verified by mapping the DGE clean tags. 
Identification and preliminary expression profiling of some candidates genes for flowering regulation
Unlike other model plants, the flowering control mechanism for sweet potato remains to be revealed. To identify the transcripts putatively involved in the flowering time, flower meristem identity and flower organ identity of sweet potato, the complete coding sequences of some flowering control genes, which were known to be involved in the flower development of Arabidopsis thaliana or other model plant species, were downloaded from the NCBI database (http://www.ncbi. nlm.nih.gov/). A local tBLASTX similarity search was performed to match these sequences against the assembled transcripts. Combined with the Blast2GO 20) annotation information, we found a large number of transcripts had high similarity to such generally accepted flowering control related genes as AG1, AP1, AP2, AP3, CO, FLC, LFY, SOC1, DELLA, and SLY1 (Table S1) . We also further investigated the expression abundance of these functional transcripts (Table 4) , and found that three FLC-encoding transcripts were all up-regulated in the flowers when compared with the vegetative organs. SOC1, whose expression could be repressed by FLC, 25) was down-regulated. Similarly, for LFY, the expression level was significantly up-regulated in the flowers. Among three CO-encoding transcripts, Contig 19454 showed a high expression level in the vegetative organs, while Contig 23179 showed almost equal expression abundance between the flowers and vegetative organs, although the highest expression level (Contig 36840) was up-regulated in the flowers. A high expression of CO would usually activate SOC1 and FT, but our results demonstrate that SOC1 was repressed at the transcriptional level in the sweet potato flowers. Another flower meristem identity gene, AP1, was also identified in this study. Five AP1-encoding transcripts showed different expression patterns, four of them being more highly expressed in the flowers than in the vegetative organs. 7) We further analyzed the expression patterns of the GA-GID-DELLA mechanism-related protein-encoding transcripts and found that most DELLA and GID1 were up-regulated in the flowers, while no significant difference was apparent for SLY1 among the vegetative organs and flowers.
Discussion
The most important step in a de novo RNA-Seq study is de novo assembly. We adopted in this study an integrated de novo assembly strategy similar to that described in our previous study.
6) The vegetative transcriptome was integrated with the floral transcriptome to construct an improved transcriptome for sweet potato. The final assembly produced by CAP3 14) was assessed by ORF prediction methods ( Table 2 ). The final assem- bly was found to be the most comprehensive sequence set in comparison with the published data, 6, 7, 26, 27) as this database contains almost all transcripts expressed in the roots, stems, leaves and flowers. The comprehensive transcriptome had a greater N50 length and average length, and more long transcripts than the previously published data. 6, 7, 26, 27) It improved the transcriptome and genomic resources of this crop, and could be a good genetic resource for further studies to identify the functional genes.
In present study, we used the RNA-Seq PE reads and DGE tags from the two sweet potato cultivars grown in China, Xushu18 6) and Guangshu87, 7) to identify the putative floral-and vegetative-specific expressed transcripts. A total of 2595 F-SETs and 2928 V-SETs were respectively detected. The specificity was verified twice by high-throughput sequencing methodology involving RNA-Seq and DGE. About half of these SETs were annotated by Blast2GO, 20) while the others may have come from new transcripts, non-coding RNAs or some short sequences. The SETs identified in this study may play important roles in organ definition, identity and the maturation process. Some transcripts elicited by drought stress were also detected and defined as such putative floral-specific transcripts as heat shock protein and cytochrome p450.
Plants usually initiate the flowering process by coordinating and integrating the perception of such environmental cues as the day length, light condition, salinity, water content and temperature with some endogenous factors. 25) The flower developmental switch in Arabidopsis thaliana involves chromatin modification, translation and post-translation regulation; these can be categorized by genetics and physiology into several flowering pathways, including the photoperiod, vernalization, autonomous and gibberellin pathways. 5) Sweet potato generally rarely blooms under natural growth conditions. We employed in this study drought stress during the growth period to induce sweet potato blooming and successfully identified several transcripts as candidates for flowering regulation. The results indicate that some key genes in the flowering regulation network for Arabidopsis thaliana are also present in sweet potato and exhibit similar expression patterns. The expression levels of FLC and CO were up-regulated in the flowers than in the vegetative organs, ( Table 4) . As a MADS-box transcription factor, FLC can integrate signals from the autonomous and vernalization pathways and suppress a set of common downstream target genes such as flowering-time integrators and/or florigens SOC1 and FT. 28, 29) SOC1 and FT had lower expression abundance in sweet potato flowers than that in vegetative organs, while the flower meristem identity genes, LFY and AP1, 30, 31) had a higher expression level in the flowers which could directly affect the initiation of the flowering process. We further analyzed the expression patterns of the DELLA plant growth inhibitor, 32, 33) GIBBERELLIN INSENSITIVE DWARF1 (GID1) GA receptor, 34) and SLY1 DELLA destruction-related protein 35) which are all involved in the GA-GID1-DELLA flowering regulatory mechanism. 32) We found that five of seven DELLA and most expressed GID1 were significantly up-regulated in the flowers, while no increase was apparent for SLY1. Taking account of no changes in the photoperiod and temperature being employed in this study when comparing with the nonflowering control, the flower development of droughttreated sweet potato would have been controlled by the autonomous pathway or gibberellin pathway. As previous studies had found that LFY, AP1 and FT could be horizontally transferred from stock to scion and then induce Arabidopsis scion flowering, 36, 37) findings described in this study also help to reveal the flower development mechanism for grafted sweet potato. This study forms a preliminary investigation of this biological process, and further studies are urgently needed to reveal the function and regulation mechanism for these putative flowering-related genes. These candidate genes may be a valuable resource for further research into sweet potato molecular breeding.
